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Introduction 30
The motor system has the flexibility to update motor plans according to systematic changes in 31 the environment or the body. This human ability is studied in the laboratory through 32 sensorimotor adaptation paradigms imposing sustained and predictable motor demands specific 33 to the task at hand, such as unusual visuomotor rotations (e.g., (Krakauer et al., 2000) or constant 1 m/s, which was the average speed of the fast and slow feet. The purpose of this phase was to 138 measure the adaptation effects and its washout when the speed perturbation induced by different 139 devices was removed.
140

Data Collection
141
All subjects walked on an instrumented treadmill either with or without the motorized shoes, 142 while kinematic and kinetic data were collected to characterize subjects' gait. Kinematic data 143 were collected at 100 Hz with a passive motion capture system (Vicon Motion Systems, Oxford 144 UK) and kinetic data were collected at 1000 Hz using force plates embedded in the treadmill. 145 Gaps in raw kinematic data due to marker occlusion were filled by visual inspection of each 146 subject in Vicon Nexus software. Positions from the toe, ankle (lateral malleolus), knee (lateral 147 epicondyles) and the hip (greater trochanter) were collected bilaterally ( Figure 2B ). Heel-strikes 148 (i.e., foot landing) and toe-offs (i.e., foot lift off) were identified using the normal ground 149 reaction force (Fz). More specifically, heel-strike was defined as the instance when Fz> 30 N and 150 toe-off as the instance when Fz < 30 N. We used this force threshold to have equivalent event 151 detection (i.e., heel strike, toe off) on the treadmill for both groups since each of the motorized 152 shoe weighted 17 N (~1.7 kg in mass).
153
Data Analysis 154 We compared the gait pattern between the Motorized shoes and Split-belt groups in terms of 155 spatial and temporal symmetry measures that are known to adapt on the split-belt treadmill 156 ( Figure 2A ) (Finley et al., 2015) . Specifically, we used step length asymmetry as a robust 157 measure of adaptation.
Step length asymmetry was defined as the difference between step 158 lengths (i.e., distance between ankles) when taking a step with the leg walking slow vs. the leg 159 walking fast (Eq. 1). A zero value of step length asymmetry indicated that both step lengths were 160 equal and a positive value indicated that the step length of the fast (dominant) leg was longer 161 than the slow (non-dominant) leg.
Step length asymmetry was further decomposed into 162 StepPosition, StepTime, and StepVelocity because these parameters have been shown to be 163 adapted differently during split-belt walking (Finley et al., 2015) . The StepPosition quantified 164 the difference in positions of the leading leg (i.e., leg in front of the body) between two 165 consecutive steps (Eq. 2). The StepTime quantified the difference in the duration of each of these 166 7 steps (Eq. 3). Lastly, the StepVelocity quantified the difference in the velocities of each foot with 167 respect to the body for these two steps (Eq. 4). Since subjects take steps with different sizes, we 168 normalized the differences in step length, StepPosition, StepTime and StepVelocity by their 169 stride length, quantified as the sum of two step lengths. This allowed us to avoid intersubjective 170 variability. For visualization purposes, these parameters were smoothed with a 5-step running 171 average. 
176
In these equations, ∆ indicates the difference between each foot's position (i.e. ankle marker) 177 and the body (i.e., mean position of the two hip markers) at ipsilateral heel strike ( Figure 2A) ; In 178 addition, t indicates the step time defined as the duration between the heel-strike of ipsilateral leg 179 to the contralateral leg; and v indicates the step velocity quantified as the relative velocity of the 180 foot with respect to the body. When walking on the treadmill, v slow and v fast approximated the 181 speeds of the slow and fast belt, respectively. Therefore, StepVelocity was mostly reflective of 182 belt speed difference, rather than subjects' behavior. Finally, note that all measures were 183 normalized by each subject's stride length (SL, sum of both step lengths) to account for inter-184 subject differences in step sizes.
185
We also computed joint angles and cadence to determine the impact of the shoes on each foot's 186 motion and step frequency. Ankle, knee, and hip angles were computed on the sagittal plane 187 (2D) since walking has a unique pattern of movement on that plane (Reisman et al., 2005) . Joint
188
angles were calculated such that flexion/dorsiflexion was positive and extension/plantarflexion 189 was negative ( Figure 2B ). We also defined all angles to have value of 0º at the neutral standing 190 position (i.e., full extension for knee and hip and a 90° degree angle between shank and foot for 191 the ankle). More specifically, ankle angles were calculated as the angle between the foot (ankle 192 marker to toe marker vector) and the shank (ankle marker to knee marker vector) subtracted from 193 90º. Knee angles were calculated as the angle between the shank and the thigh (knee marker to 194 hip marker vector) subtracted from 180º. Lastly, we computed the hip angles as the angle 195 between the thigh and the vertical unit vector. Angle data was time-aligned and binned to 196 compute mean angle values over 6 intervals of interest during the gait cycle. This was done to 197 focus on changes in angles within the gait cycle, rather than on changes due to differences in 198 cycle duration across the distinct walking conditions (Dietz et al., 1994; Reisman et al., 2005) .
199
More specifically, we computed averaged angle values over 6 phases of interest: Double support 200 (DS1, DS2), Single stance (SS1, SS2), and the swing phases (SW1, SW2). Double support 201 during early stance (DS1) was defined as the period from heel strike to contralateral toe off.
202
Single stance (from contralateral toe-off to contralateral heel strike) was divided into 2 equal 203 8 phases (SS1, SS2). Double support during late stance (DS2) was defined as the interval from 204 contralateral heel strike to ipsilateral toe off. Finally, the swing phase (from ipsilateral toe-off to 205 ipsilateral heel-strike) was divided into 2 equal phases (SW1, SW2). Joint angles were assessed 206 in 8 subjects per group since the remaining 2 subjects (one per group) was missing essential 207 marker data. Lastly, we computed cadence (i.e. number of strides per second) to determine if this 208 gait feature was altered by wearing the motorized shoes. of the adaptation trial. The behavior during EPost was quantified to assess how much the 218 subjects adapted to the new walking pattern (e.g., after-effects). Finally, we assessed LPost 219 behavior to ensure that the subjects returned to their baseline walking behavior (e.g., washout).
220
Moreover, we used joint angle measures to determine the effect of the motorized shoes on the 221 overall gait pattern. The 6-joint parameters for each angle were computed for the following 222 epochs of interest: slow baseline (SBase), fast baseline (FBase), medium baseline (MidBase) and 223 the late adaptation (LAdapt). To this end we computed the averaged value over the last 40 strides 224 for each one of the 4 experimental epochs of interest (i.e., SBase, FBase, MidBase, and LAdapt).
225
The five strides at the beginning and end of each trial were discarded to eliminate effects of 226 starting and stopping of the treadmill. StepVelocity, and Cadence). Statistical analysis were done with unbiased data (i.e., MidBase was 232 subtracted from all the epochs) to focus on changes that occurred beyond those due to distinct 233 group biases. In case of significant main or interaction effects, we used Fisher's post-hoc testing 234 to determine whether values were different between groups. We chose this post-hoc testing to 235 increase the false positive (Type I error); therefore, becoming more sensitive to potential group 236 differences. Lastly, we performed a one-sided one sample t-test to determine whether early post-237 adaptation values were different from zero.
238
Two sets of correlations were performed to assess the association between StepVelocity and 1)
239
StepPosition and StepTime in late adaptation and 2) StepPosition and StepTime after-effects.
240
This was done because we observed speed differences between the groups ( Figure 1C -Top) that 241 could impact the extent of adaptation and after-effects on spatial and temporal measures. Joint angles were compared across groups using unpaired t-test for each of the gait phases. We 243 reasoned this was an appropriate statistical test to compare the behavior across groups given that 244 joint angles are highly temporally correlated within the gait cycle and spatially correlated across 245 segments. We subsequently corrected the significance threshold for each epoch using a 246 Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995) , setting a false discovery rate 247 of 5% (FDR correction). The reason for choosing this correction was due to higher number of 248 comparisons that we made.
249
A significance level of α=0.05 was used for all statistical tests. Stata (StataCorp., Collage 250 Station, TX, was used to perform the ANOVAs, whereas MATLAB (The MathWorks, Inc.,
251
Natick, MA, United States) was used for all other analyses.
252
Results
253
Motorized shoes can induce robust sensorimotor adaptation of locomotion 254 Our results show that the motorized shoes were able to induce similar adaptation of step length 255 asymmetry compared to the split-belt treadmill. Specifically, there were no significant group 256 (F(1,48)=0.21, p=0.65) or group by epoch interaction effects (F(3,48)=1.26, p=0.29) on the 257 adaptation of step length asymmetry, indicating that this parameter was similarly modulated 258 throughout the experiment between the Motorized shoes and Split-belt groups ( Figure 3A ). We 259 also observed a significant main effect of epoch (F(3,48)=94.91, p<0.001) and found that both 260 groups had significant after-effects (Motorized shoes: p <0.001; Split-belt: p<0.001; Figure 3A ).
261
While modulation of step length asymmetry was indistinguishable between groups, we observed 262 subtle differences in the adaptation of the fast leg's step length. Specifically, we found a group Interestingly, we also found a group effect (F(1,48) = 6.58, p = 0.021) on StepVelocity and a group 284 by epoch interaction trending effect (F(1,48) = 2.78, p = 0.051) ( Figure 4C ). In particular, the StepTime (r= -0.76; p<0.001) ( Figure 4D ). Moreover, the inter-subject variability in steady-state 292 values was associated to individual after-effects in StepPosition (r=0.57; p=0.017), but not 293
StepTime (r=-0.052; p=0.84) ( Figure 4E ). To sum up, the reduced speed difference in the 294 Motorized shoes group limited the adaptation of StepPosition, but we still observed group after-295 effects with the motorized shoes in the spatial and temporal domains.
296
Similar cadence is observed between the groups throughout the experiment 297 We found that the motorized shoes did not alter the modulation of cadence throughout the 298 experiment compare to split-belt walking (Figure 5 -left p=0.81), indicating that the adaptation and after-effects of cadence were similar between groups 301 ( Figure 5 -right) . We also found that both groups exhibited increased cadences during early 302 post-adaptation compared to baseline (Motorized shoes: p = 0.002; Split-belt: p = 0.003). In sum, 303 the motorized shoes modulate cadence similarly to the Split-belt group.
304
Minimal effect of wearing motorized shoes on gait kinematics 305 Our result revealed a near-normal gait pattern in subjects walking with the motorized shoes.
306 Figure 6A illustrates the joint angles over the gait cycle for the ankle, knee, and hip joints for the 307 group wearing the motorized shoes (red) and the group wearing regular shoes (blue) during 308 medium baseline walking (gray). We found joint angles were the same between groups for most 309 phases of the gait cycle, in which significance was determined with an FDR controlling 310 procedure (p>Pthreshold, Pthreshold = 0.0055, see methods) ( Figure 6A ). However, minor 311 differences in joint angles were observed for specific gait cycle phases (18 comparisons flexion during stance of baseline walking (p = 0.005, effect size = 4.1º). These group differences 319 in baseline joint kinematics might be due to the additional weight of the motorized 320 shoes (Ochsmann et al., 2016) . In addition to baseline joint kinematics, we also compared late 321 adaptation kinematics across groups ( Figure 6B ). Specifically, we contrasted the changes in joint 322 angles during late adaptation relative to the speed-specific baseline for each of the six phases of 323 the gait cycle. We found no differences between the groups (36 comparisons, p>Pthreshold),
324
suggesting that joint angles were modulated similarly in the split condition with the motorized 325 shoes or the split-belt treadmill. Thus, our results demonstrated that walking with the motorized 326 shoes had only minor effects on joint kinematics and did not alter the adaptation of individual 327 joint angles during split walking. We investigated if a pair of motorized shoes could induce split-like locomotor adaptation. We 331 found that the adaptation effects induced by the motorized shoes moving at different speeds were 332 as robust as those observed with a split-belt treadmill. Moreover, we found that the gait pattern 333 was largely similar between walking with the motorized shoes or on the split-belt treadmill.
334
Specifically, the step length asymmetry, the cadence, and the step lengths were similar across 335 groups during and after the split condition with either device. We only observed subtle opening the door for studying locomotor adaptation outside of the laboratory. 373 We also found a direct correspondence between adaptation and after-effects in the spatial 374 domain, but not the temporal one. In particular, after-effects were positively associated to steady-375 states in StepPosition: the larger the steady-state value (relative to baseline), the more after-376 effects. This positive relation between steady state values and after-effects is commonly found in 377 reaching or saccadic movements with well-defined performance errors (Chen-Harris et al., 2008) 378 and spatial gait parameters in walking (Green et al., 2010; Sombric et al., 2019 We found a few differences in joint motions when walking with our motorized shoes 389 during regular walking, which will be useful for future designs of this portable device. Notably, to the differences that we observed in joint angles during baseline walking. Thus, our gait 395 analysis enabled us to identify key features that we will modify to create more a naturalistic 396 walking conditions with the motorized shoes. This is important because contextual differences 397 when wearing the motorized shoes could limit the extent of generalization of movements from 398 walking with them to walking without this portable device. Locomotor adaptation with the 399 motorized shoes overground could certainly reduce context specific difference that limit the Nevertheless, our results are promising because of the portability and low-cost of our 406 device allowing us to use them outside the laboratory setting. This is exciting because we will be 407 able to study gait under more realistic situations, such as when walking with variable gait speeds.
408
It is well-accepted that motor variability can impact motor learning ( Buesing et al., 2015; Calabrò et al., 2018; Rao et al., 2008) , these devices were unsuccessful in 424 modifying the step length asymmetry (Handzic et al., 2011) , which is an important parameter in 425 rehabilitation of post-stroke patients (Patterson et al., 2008 (Patterson et al., , 2014 . For example, Lahiff and 
